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Abstract: Both n- and p-type lead telluride (PbTe) based thermoelectric (TE) materials display 
high thermoelectric efficiency, but the low fracture strength may limit their commercial 
applications. In order to find ways to improve these macroscopic mechanical properties we report 
here the ideal strength and deformation mechanism of PbTe using density functional theory (DFT) 
calculations. This provides structure-property relationships at the atomic scale that can be applied 
to estimate macroscopic mechanical properties such as fracture toughness. Among all the shear 
and tensile paths that examined here, we find the lowest ideal strength of PbTe is 3.46 GPa along 
the (001)/<100> slip system. This leads to an estimated fracture toughness of 0.28 MPa m1/2 based 
on its ideal stress-strain relation, which is in good agreement with our experimental measurement 
of 0.59 MPa m1/2. We find that softening and breaking of the ionic Pb−Te bond leads to the 
structural collapse. To improve the mechanical strength of PbTe, we suggest strengthening the 
structural stiffness of the ionic Pb−Te framework through an alloying strategy, such as alloying 
PbTe with isotypic PbSe or PbS. This point defect strategy has a great potential to develop high-
performance PbTe based materials with robust mechanical properties, which may also be applied 
to other materials and applications. 
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1. INTRODUCTION 
        The rapid depletion of fossil fuels is giving rise to severe environmental impact including 
global climate change, which urgently demands development of renewable energy technologies. 
Because thermoelectric (TE) power generation devices can convert waste heat generated e.g., 
from home heating, automotive exhaust, and industrial process into electricity, TE waste heat 
recovery technology could make a significant contribution to global sustainable energy solutions.1 
Indeed the past two decades has seen dramatic enhancements in the TE figure of merit, zT = 
α
2σ/κ, of various materials, achieved through simultaneously optimizing the power factor (α2σ) 
and reducing the thermal conductivity2 for such materials as PbTe,3-5 skutterudite CoSb3,
6-8 
Bi2Te3,
9-11 Mg2Si,
12-13 and half-Heusler alloys.14,15 However, despite the improved efficiencies, 
applications of these TE materials usually impose a severe cyclic temperature gradients that can 
generate cracks in the microstructure.16,17 Such cracks lead to deterioration in the material 
performance, accelerating failure processes of these TE devices upon cycling.16,17 In order to 
improve these mechanical properties, it is important to gain an understanding of the mechanical 
strength and toughness of these TE materials so that TEs with improved performance can be 
developed for engineering applications. 
        PbTe, the most widely studied TE material, is one of the best performing TE semiconductors 
for power generation at intermediate temperatures.2,3,18 Because both n- and p-type PbTe exhibit 
exceptional TE performances,3-5,18 it has been used in TE generators on space missions since the 
1960s.1 In terms of mechanical properties, Li et al. studied creep deformation and found PbTe has 
a good hot ductility compared to Bi2Te3.
19 Petersen et al. studied the bulk modulus, shear 
modulus, and Young’s modulus of PbTe and PbSe using first-principle calculations, and 
estimated the brittleness of PbTe.20 Ni et al. experimentally reported the room temperature 
Young’s modulus, shear modulus, Poisson’s ratio, and Vicker’s hardness of PbTe nanostructured 
material.21 Gelbstein et al. found that n-type PbTe is much stronger in its bending strength and 
more ductile than p-type PbTe.22 They also discussed the microhardness enhancement of p-type 
PbTe alloys with hole concentrations higher than 5×1018 cm-3,23 which agrees well with 
Zlatanov’s experimental observation.24 Cui et al. prepared the binary alloys (PbTe)1-x(SnTe)x over 
the whole composition range and found that alloys with mole fraction x ranging from 0.2 to 0.6 
have the highest compression strengths (310 – 330 MPa) and hardness (HV95).25 Nevertheless, 
the failure mechanism of PbTe, and its intrinsic mechanical properties remain unknown so far.       
        To determine the deformation mechanism and understand the intrinsic mechanical properties 
of PbTe, we used density functional theory (DFT) with the Perdew–Burke–Ernzerhof (PBE) 
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functional to investigate the response for pure and biaxial shear deformations of single-crystalline 
PbTe. Under pure shear deformations, we find that PbTe has the lowest ideal shear strength of 
3.46 GPa along the (001)/<100> slip system, suggesting this to be the most likely slip system 
activated under pressure. This value is lower than the ideal tensile strength (5.55 GPa) of PbTe 
along the [100] tension. This is because the ionic Pb−Te bond in the 3D Pb−Te framework is 
distorted to resist the deformation. Further deformation leads to the softening and breakage of 
these ionic bonds. Compression plays a significant role in PbTe’s mechanical strength. We find 
that PbTe has an ideal strength of 2.96 GPa under biaxial shear deformation (relevant for 
indentation measurements of hardness), which is lower than that of the pure shear deformation 
(3.46 GPa). We also find that both isostructural PbSe and PbS have higher structural stiffness 
than PbTe in resisting deformation, leading to a high ideal shear strength of 5.13 GPa in PbSe and 
7.14 GPa in PbS. Moreover, estimating the fracture toughness from the ideal stress-strain curves, 
we find that the fracture toughness increases in the order PbTe ( IIcK = 0.23 MPa m
1/2) < PbSe 
( IIcK = 0.33 MPa m
1/2) < PbS ( IIcK = 0.41 MPa m
1/2). This trend shows a good agreement with 
our experimental results, PbTe ( IcK =0.59±0.02 MPa m
1/2) < PbSe ( IcK = 0.67±0.05 MPa m
1/2) < 
PbS ( IcK = 0.75±0.04 MPa m
1/2), which is in parallel with the structural resistance argument of 
Pb−Te (stretching force constant, SFC = 0.291 eV/ Å2) < Pb−Se (SFC = 0.397 eV/ Å2) < Pb−S 
(SFC = 0.502 eV/ Å2). This suggests that strengthening the structural stiffness of the ionic Pb−Te 
framework by alloying with isotypic PbSe or PbS may improve the mechanical strength of PbTe. 
We aim to provide essential information in understanding the intrinsic mechanical behavior of 
PbTe. This ideal structure – property relation could be useful for predicting how to design high-
performance TE materials with robust mechanical properties. 
2. METHODOLOGY 
2.1 Calculation methods 
        All DFT calculations were performed by the Vienna ab initio Simulation Package (VASP) 
periodic code with plane-wave basis sets.26-28 The Perdew-Burke-Ernzerhof (PBE) functional is 
used to include electronic exchange-correlation, and the projector augmented wave (PAW) 
method is used to include the core-valence interactions. Our convergence tests showed that an 
energy cutoff of 500 eV gives an excellent convergence on energy, force, and geometries. The 
convergence for the electronic self-consistent field and the force criterion were set to 1×10-6 eV 
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and 1×10-2 eV/Å, respectively. All calculations used the Г-centered Monkhorst-Pack scheme with 
a fine resolution of 2π×1/40 Å-1 in the k-point reciprocal space sampling. The electron 
localization function (ELF) was calculated to help understand the chemical bonding. 
        The elastic constants, Cij, were computed from stress - strain relationship as a function of 
various cell distortions, δ  (δ < 3%), starting with our optimized atomic structure. The inverse of 
the elasticity tensor, Sij, was derived from . Subsequently, the Voigt-Reuss-Hill 
method was applied to calculate the isotropic polycrystalline elastic moduli from the calculated 
single-crystal elastic constants.29 
        To examine shear deformations, we achieved quasi-static mechanical loading by imposing a 
shear strain for one particular shear plane while allowing full structural relaxation along the other 
five strain components.30 To mimic the experimental indentation process, we applied biaxial 
shear deformation by considering the normal compressive pressure beneath the indenter and 
constraining the ratios of normal stress ( ) to shear stress ( ) as , where 
for a Vickers indenter.31 The residual stresses are all less than 0.5 GPa for both pure and 
biaxial shear deformations.  
2.2 Experimental methods 
        Polycrystalline samples of PbTe, PbSe and PbS were synthesized via a solid-state reaction 
followed by high temperature - high pressure (HTHP) method. The stoichiometric amounts of 
powders of Pb (99.99%, Alfa Aesar), Te (99.999%, Alfa Aesar), Se (99.9%, Alfa Aesar) and S 
(99.9%, Alfa Aesar) were hand mixed in an agate mortar and sealed into quartz ampoules under 
vacuum. The sealed ampoules were then slowly heated up to 1203 K (PbTe), 1323 K (PbSe), and 
1323 K (PbS) for 2 h, and then cooled down to 1123 K in 6 h (PbTe) and 8 h (PbSe and PbS). 
Finally, all the ampoules were cooled from 1123 K to room temperature during a 5 h period. The 
obtained materials were then compacted using HTHP at 773 K for 10 min under 2 GPa. The 
crystal structure and purity of samples was confirmed using an X-ray diffractometer with Cu Kα 
radiation.  
         Fracture toughness (KIC) was measured using the three point flexural specimen by the 
single-edge notch beam test (Zwick Z005 HT). The tested bars were cut from the HTHP-
processed samples with the same nominal dimensions 12 × 3 × 1.5 mm, the span was set at 7 mm, 
and the testing was conducted at a cross-head speed of 0.05 mm/min. The starting notch with a 
1( )ij ijS C
−=
zzσ xzσ tanzz xzσ σ φ=
o68φ =
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length of half the width was created at the mid-span of the sample, and the width of the notch was 
less than 0.2 mm. 
        KIC was calculated via Eqn. 1, 
2 3 43
ΙC 2
3 10
1.93 3.07 14.53 25.07 25.80
2
PL a a a a a
K
BW W W W W
−  ×        = − + − +        
         
 Eqn. 1 
Where P, L, b, w and a are the applied load, span, beam thickness, beam height and depth of 
starting notch, respectively. 
3. RESULTS AND DISCUSSION 
3.1 Crystal Structure and Chemical Bonding in PbTe 
        The IV-VI binary compound PbTe has the face centered cubic lattice (NaCl structure type), 
crystallizing in the Fm-3m (225) space group.33 Figure 1 displays the unit cell of PbTe containing 
4 × Pb and 4 × Te atoms along with the calculated electron localization function (ELF). The ELF 
shows efficient charge transfer occurs between Pb and Te atoms (few shared electrons), 
indicating primarily ionic bonding character with a bond length of 3.28 Å. The electrons around 
Te atoms are described as lone pair p orbitals. The optimized lattice parameter is a = 6.56 Å, 
which is only 1.5% larger than the experimental value of 6.46 Å33 at 298K, and is in good 
agreement with the theoretical value of 6.57 Å from previous DFT calculations based on the PBE 
functional.34  
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Figure 1. Crystal structure of PbTe with calculated isosurfaces (at the value of 0.85) for the electron 
localization function (ELF). The Electron localization function (ELF) value, which ranges from 0 to 1, 
enables an effective and reliable analysis of bonding character and lone pair formation.32 The Pb−Te 
bonding interaction with the length of 3.28 Å is considered to be ionic. The electrons around Te atoms are 
described as lone pair p orbitals. The Pb and Te atoms are represented with gray and brown spheres, 
respectively. 
3.2 Elastic Properties in PbTe 
        To determine the structure − property relation of PbTe, we studied the elastic mechanical 
properties to provide essential information on the structural stability, as listed in Table 1. The 
predicted elastic constants, Cij, agree well with previous theoretical values.
34 Using 
Voigt−Reuss−hill method, the calculated bulk modulus B = 38.62 GPa, the shear modulus G = 
24.13 GPa, the Young’s modulus E = 59.91 GPa, the Poisson’s ratio v = 0.241, and the ductility 
ratio B/G = 1.60, were calculated and listed in Table 1. Our calculated elastic moduli of PbTe 
agree well with the experimental values,21,35,36 but are much lower than those of other TE 
materials such as CoSb3 (B = 87.38 GPa, G = 59.45 GPa, E = 145.38 GPa) and TiNiSn (B = 
128.78 GPa, G = 67.16 GPa, E = 171.65 GPa).37,38 This suggests that PbTe has a significantly 
lower structural stiffness than CoSb3 and TiNiSn. In addition, we also investigated the elastic 
mechanical properties of PbSe and PbS, as listed in Table 1. PbSe and PbS have a higher and 
much higher elastic modulus compared with PbTe, respectively, which we attribute to the 
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stronger and much stronger bond stiffness of Pb−Se (the stretching force constant, SFC = 0.397 
eV/ Å2) and Pb−S (SFC = 0.502 eV/ Å2) compared with Pb−Te (SFC = 0.291 eV/ Å2), as 
discussed in Section 3.5.   
Table 1. Predicted elastic constants (C11, C12, C44), bulk modulus (B), shear modulus (G), Young’s 
modulus (E), Poisson’s ratio (v), and ductility ratio (B/G) of PbTe, PbSe, and PbS, and previous 
experimental and theoretical values.  
  Method 
C11 
(GPa) 
C12 
(GPa) 
C44 
(GPa) 
B 
(GPa) 
G 
(GPa) 
E 
(GPa) 
v B/G 
PbTe 
This 
study 
PBE 105.18 5.34 14.13 38.62 24.13 59.91 0.241 1.60 
Ref. 34 PBE 108 6 14 40 24 51.43 0.25 1.67 
Ref. 21 Expt - - - - 22.32 57.5 0.243 - 
Ref. 35 Expt - - - - - 59 - - 
Ref. 20 PBE - - - 39.1 - - - - 
Ref. 36 Expt - - - 38.39 - - - - 
PbSe 
This 
study 
PBE 119.19 12.76 17.5 48.24 27.85 70.07 0.258 1.73 
Ref. 34 PBE 117 12 17 47 27 68.51 0.26 1.73 
PbS 
This 
study 
PBE 130.42 17.26 19.63 54.98 30.49 77.20 0.266 1.80 
Ref. 34 PBE 121 18 20 52 29 74.58 0.26 1.77 
3.3 Shear Deformation and Failure Mechanism of PbTe         
        The elastic properties listed in Table. 1 describe the mechanical properties for small strains 
less than 3%. This is not sufficient to account for the mechanical strength and failure mechanism 
nor the bonding characteristics at larger strains. To determine the ideal strength and deformation 
mechanism of PbTe, we applied pure shear deformation to examine the stress response along 
various slip directions. We considered three typical slip systems, (001)/<100>, (111)/<1-10>, and 
(111)/<11-2> with supercells containing 64, 48, and 48 atoms, respectively. Figure 2(a) displays 
the shear-stress – shear-strain relationships for these slip systems. Shear stress in all three systems 
increases linearly with increasing shear strain, indicating each of these slip systems uniformly 
resists the shear deformation. The slope of the (001)/<100> slip system is much lower than the 
other two slip systems, indicating a much lower structural stiffness in resisting external 
deformation along the (001)/<100> direction. From the elastic shear-stress – shear-strain region 
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along the (001)/<100> direction, we obtained the directional shear moduli Gxy = 14.10 GPa. This 
value agrees well with the elastic constant C44 of 14.13 GPa listed in Table 1. (001)/<100> is 
found to have the lowest ideal shear strength of 3.46 GPa at 0.277 shear strain, while (111)/<1-10> 
and (111)/<11-2> have a higher ideal strength of 4.54 GPa at 0.232 shear strain and 6.22 GPa at 
0.358 shear strain, respectively. This suggests that the most plausible slip plane for PbTe is 
(001)/<100>. Beyond this maximum stress point, the shear-stress drops suddenly both in the 
(111)/<1-10> and (111)/<11-2> directions, indicating structural collapse and failure. However, 
there is an obvious ‘yielding’ process in the (001)/<100> direction, suggesting a softening 
structural stiffness. 
        To understand these behaviors, we need to understand the detailed deformation and failure 
mechanisms, shown in Figure 2(b)-(d) and Figure S1-S2 in the Supporting Information (SI). First, 
we extracted the atomic configurations at the critical strains, finding the Pb−Te bond length 
changes in the (001)/<001> direction (Figure 2(b)-(d)). During the whole shear process, the Pb-
Te ionic framework is maintained (Figure 2(b)-(c)). The Pb−Te bonds along the a and c axes are 
stretched, but the Pb−Te bonds along the b axis shrink to resist the deformation (Figure 2(d)). As 
the shear strain increases to 0.277, corresponding to the ideal shear strength, Pb−Te bonds along 
the a and c axes have stretched from 3.28 to 3.33 Å, a stretching ratio of 1.53%, while the Pb−Te 
bonds along the b axis shrink from 3.28 to 3.26 Å, a shrinking ratio of 0.7%. With increasing 
shear strain, the Pb−Te bonds along the b axis remain nearly unchanged, but the Pb−Te bonds 
along the a and c axes increase rapidly to 3.41 Å, suggesting a gradual softening of the Pb−Te 
bonds. This leads to the ‘yielding’ stage, as shown in Figure 2(a). Figure S1 shows the shear 
deformation of PbTe along the (111)/<1-10> direction. The structure distorts to resist the 
deformation until 0.266 shear strain beyond which it fails (Figure S1(a)-(b)). At the failure strain 
of 0.277, the structure displays significant atomic rearrangements, relaxing the shear stress and 
leading to the structural failure (Figure S1(c)). Before the failure, the Pb−Te(1) bond has 
stretched from 3.28 to 3.49 Å with a stretching ratio of 6.4%, while the Pb−Te(2) bond shrinks 
from 3.28 to 3.21 Å with a shrinking ratio of 2.1% (Figure S1(d)). At the failure strain of 0.277, 
the Pb−Te(1) bond recovers to 3.26 Å, and the Pb−Te(2) bond increases sharply to 3.89 Å. Such a 
long distance indicates breaking of the Pb−Te(2) bond, which leads to the structural 
rearrangement and stress relaxation. This deformation mechanism is also observed in PbTe for 
shearing along the (111)/<11-2> direction, as shown in Figure S2. 
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Figure 2. The ideal shear strength and shear deformation mechanism of PbTe. (a) The shear-stress−shear-
strain relationships for PbTe under shear deformation along various slip systems. The atomic structures of 
PbTe shearing along the (001)/<100> slip system: (b) Structure at 0.277 shear strain corresponding to the 
ideal shear strength, (c) Structure at 0.553 shear strain corresponding to the highly softening Pb−Te ionic 
framework. (d) The average bond lengths of Pb−Te with the increasing shear strain along the (001)/<100> 
slip system. The Pb and Te atoms are represented with gray and brown spheres, respectively. The 
substructure embedded in Figure 2(d) highlights the Pb−Te bonds along different directions.  
3.4 Tensile Deformation and Failure Mechanism of PbTe 
        To further understand the failure mechanism of PbTe, we investigated the tensile stress 
response under different tensile loads, as displayed in Figure 3. We considered three typical 
tensile systems, [100], [1-10], and [111] with supercells containing 64, 48, and 48 atoms, 
respectively. Figure 3(a) shows the tensile-stress – tensile-strain relations. The lowest ideal tensile 
strength is found to be 5.55 GPa at 0.138 tensile strain along the [100] direction, which is lower 
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than the maximum tensile stress of 6.84 GPa and 8.39 GPa along the [1-10] and [111] direction, 
respectively. In addition, the lowest ideal tensile strength (5.55 GPa) is higher than the lowest 
ideal shear strength (3.46 GPa) along the (001)/<100> slip system, which suggests that shear 
deformations occur more easily than tensile deformations. Tension along the [100] direction 
shows an obvious ‘yielding’ process, which is similar to shearing along the (001)/<100> direction 
as discussed above, while tensions along both the [1-10] and [111] directions show a sudden drop 
in tensile stress. We extracted the structural and bond length changes at critical tensile strains to 
determine the bond-responding processes, as displayed in Figure 3(b)-(d) and Figure S3-S4 in the 
SI. For tension along the [100] direction, as the tensile strain increases to 0.138 which 
corresponds to the ideal tensile stress, no bond breaks as shown in Figure 3(b). The Pb−Te bonds 
along the a axis stretch uniformly from 3.28 to 3.73 Å with a stretching ratio of 13.7%, while the 
Pb−Te bonds along the b and c axes both shrink slightly to coordinate the tensile deformation 
along the a (or [100]) direction with a shrinking ratio of 0.8% (Figure 3(d)). With further 
increasing tensile stress, the Pb−Te bonds along the a axis start to soften, leading to a weakened 
Pb−Te ionic framework and a lower tensile stress. At 0.662 tensile strain, the Pb−Te bond length 
(a axis) gradually increases to 5.45 Å, indicating a highly softened or non-bonding interaction 
(Figure 3(c)). This “yielding” process gradually weakens the structural stiffness, releasing the 
tensile stress, as shown in Figure 3(a). For tension along the [1-10] direction as shown in Figure 
S3, the Pb−Te(1) bond is stretched and the Pb−Te(2) bond is shrank to resist tensile deformation. 
At 0.220 tensile strain, the Pb−Te(1) and Pb−Te(2) bond length increases and decreases to 3.49 
and 3.25 Å, respectively, representing the maximum resistance to tensile deformation. As the 
tensile strain increases further, the sudden decrease of the Pb−Te(1) bond at 0.232 and 0.257 
tensile strains decreases the structural stiffness, leading to the sudden drop of the tensile stress as 
shown in Figure 3(a). For tension along the [111] direction (Figure S4), the Pb−Te(1) and 
Pb−Te(2) bonds are both stretched to resist the deformation until the maximum tensile stress 
point. The breaking of the Pb−Te(1) bond collapses the structure, leading to the failure of PbTe. 
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Figure 3. The ideal tensile strength and tensile deformation mechanism of PbTe. (a) The tensile-
stress−tensile-strain relationships for PbTe under various tensile loads. The atomic structures of PbTe along 
the [100] direction: (b) Structure at 0.138 tensile strain corresponding to the ideal tensile strength, (c) 
Structure at 0.662 tensile strain corresponding to the highly softening Pb−Te ionic framework. (d) The 
average bond lengths of Pb−Te with the increasing tensile strain along the [100] direction. The Pb and Te 
atoms are represented with gray and brown spheres, respectively. 
3.5 Effect on Ideal Strength of PbTe by Alloying 
        The ideal strength, which reflects the structural resistance limitation on external deformation, 
plays a significant role in determining the reliability of a material.39 The structure of PbTe is 
comprised of an ionic 3D Pb−Te framework. The ionic Pb−Te bond dominates the ideal strength 
of PbTe, and the softening and the breaking of these bonds lead to structural failure. The ideal 
shear strength (3.46 GPa) of PbTe is higher than those of layered TE materials such as Mg3Sb2 
(1.95 GPa) and SnSe (0.59 GPa),40,41 but it is much lower than those of 3D TE materials with 
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strong covalent frameworks such as CoSb3 (7.17 GPa) and TiNiSn (10.52 GPa).
37,38 The PbTe 
compound shows an extremely high zT value experimentally.3,4 However, its ideal strength is 
relatively low. For engineering applications of PbTe, the structural rigidity of the ionic Pb−Te 
framework should be enhanced to improve its mechanical integrity.  
        To determine the effect of structural rigidity on the ideal strength of PbTe, we calculated the 
shear-stress – shear strain relations of isotypic PbSe and PbS along the most likely slip system of 
(001)/<100>, as shown in Figure 4(a). PbSe and PbS have higher ideal shear strengths of 5.13 
GPa and 7.04 GPa, respectively, compared with that of PbTe (3.46 GPa). In addition, PbSe and 
PbS have a similar deformation mechanism as PbTe (see Figure S5-S6 in the SI). This suggests 
that alloying PbTe with PbSe or PbS may be an effective way to improve the mechanical 
properties of PbTe. Moreover, we also calculated the structural rigidity, as proposed in our 
previous study,37 to understand quantitatively how the structure influences the ideal strength, as 
shown in Figure 4(b). The “maximum structural resistance (∆)” is defined as , 
where i represents the bond type in the compound, is the stretching force constant (SFC) of the 
i bond which can be calculated by the ATAT code,42 is the weight of the i bond which is 
determined by the number of the bond in the unit cell.  is the length of the i bond at equilibrium 
state, and is the length of the i bond at the critical strain corresponding to the ideal strength. 
PbTe has a lower SFC and bond deformation  (0.291 eV/ Å2 and 0.069 Å) compared with 
those of PbSe (0.397 eV/ Å2 and 0.089 Å ) and PbS (0.502 eV/ Å2 and 0.128 Å). This leads to a 
higher “maximum structural resistance” in PbSe and PbS than PbTe (Figure 4(b). To improve the 
mechanical properties of PbTe, we suggest strengthening the Pb−Te ionic framework to improve 
the “maximum structural resistance” through an alloying strategy such as the partial substituting 
Te with Se or S. 
0=
i i
i i
i
k n l l∆ −∑
ik
in
0
il
il
0
i il l−
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Figure 4. Effect of alloying on the ideal shear strength of PbTe. (a) The shear-stress − shear-strain 
relationships for isotypic PbTe, PbSe, and PbS along the (001)/<100> slip system. (b) Predicted ideal shear 
strength as a function of the proposed “Maximum structural resistance, ∆”. The unit of ∆ is eV/ Å. The red 
line is a guide to the eye. 
3.6 Failure Mechanism of PbTe under Biaxial Shear Deformation 
        To mimic the complex stress conditions for indentation experiments, we imposed biaxial 
shear deformation in determining the underlying failure mechanism of PbTe. The computed 
shear-stress – shear-strain relations for biaxial shear deformation are shown in Figure 5. As the 
strain increases to 0.112, PbTe experiences a linear stress response against strain both in biaxial 
and pure shear deformations. With increasing shear strain further, PbTe exhibits nonlinear 
deformation under biaxial shear loads, which seems to be affected by the compression. This leads 
to a lower maximum shear stress of 2.96 GPa for biaxial shear deformation than that (3.46 GPa) 
for pure shear deformation. The atomic structure and bond length changes were extracted, as 
shown in Figure S7 in the SI. The structure distorts to resist the deformation (Figure S7(b)-(c)). 
As the strain increases to 0.277, corresponding to the maximum shear stress, the Pb−Te bond 
along the a axis is stretched while the Pb−Te bond along the b axis shrinks to accommodate the 
deformation, which show the same trend compared with that under pure shear deformation. 
However, the Pb−Te bond along the c axis is greatly shrunk from 3.28 to 3.12 Å, which is 
different from the stretching Pb−Te bond (c axis) under pure shear load. This bond-response 
process can be attributed to the compression along the c axis. With increasing shear strain further, 
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the Pb−Te bond (along the c axis) gradually recovers to the equilibrium length while the Pb−Te 
bond (along the a axis) rapidly increases. This weakened Pb−Te bond (a axis) leads to the 
softening ionic Pb−Te framework and gives rise to the releasing shear stress from 0.277 to 0.592 
shear strain (Figure 5).      
 
Figure 5. Computed shear-stress – shear-strain relations of PbTe under the pure shear deformation and 
biaxial shear deformations along the (001)/<100> direction.  
3.7 Fracture Toughness Estimation from Ideal Stress-Strain Calculations 
        To elaborate on the structural resistance of these materials and to emphasize the relevance of 
these results to experiments, we estimated the fracture toughness of these chalcogenides from the 
ideal stress-strain curves obtained by DFT. Since fracture toughness is a metric that describes 
how stress is amplified at a crack tip, where fracture propagates when an applied stress is 
amplified beyond the strength of the molecular bond, it follows that calculation of the ideal stress-
strain relations may be used to estimate the critical fracture toughness, cK . The detailed 
estimation method is illustrated in the supporting information. 
        Considering the case of plane-strain (thick plate assumption) under mode I (see Fig. S10) 
deformation, the well-known Griffith-Irwin relation 43,44 takes the form: 
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2 2
2
2
1 1
Ic Ic
Ic gf c
G E G
K
v v
µ
σ πα= = =
− −
                                         Eqn. 2 
Where E is the Young’s modulus, µ is the shear modulus, v is Poisson’s ratio, 
gfσ is the Griffith 
fracture stress for a critical crack length, cα , and Irwin 
44 called cG the energy release rate. For 
brittle materials, Griffith found:  
2Ic sG γ=                                                     Eqn. 3 
where γ is the fracture surface energy and the factor of 2 arises because 2 surfaces are created. 
Orowan 45 and Irwin 46 generalized the Griffith result to include ductile fracture, but the form of 
Eqn. 2 was retained. Therefore, IcG  is the work of fracture (energy of cleavage) per unit of the 
cross sectional area, which is just the integral under the ideal engineering tensile stress-
displacement curve (Supplementary).47 Considering the [100] loading direction of PbTe from Fig. 
3, IcK  is estimated to be 0.28 MPa m
1/2. This agrees with the results of Ni, et al.,48 who reported a 
fracture toughness of 0.35±0.04 MPa m1/2 for a PbTe-PbS alloy system, confirming that alloying 
PbTe with PbSe or PbS tends to increase the structural resistance. 
        Furthermore, the ideal shear stress-strain relations (Fig. 4) can be utilized to estimate the 
fracture toughness for mode II and III loading conditions (see Fig. S10). For mode II in the plane 
strain condition, Rice 49 derived: 
2 2
1
IIc
IIc
G
K
v
µ
=
−
                                                       Eqn. 4 
and from similar arguments, the mode III fracture toughness: 
2 2IIIc IIIcK G µ=                                                       Eqn. 5 
where IIc IIIc usG G γ= = , which he calls the unstable stacking energy, which corresponds 
approximately to the energy required to nucleate a full dislocation (edge in mode II and screw in 
mode III). usγ  is similarly given by the area under the ideal engineering shear stress-displacement 
curves (Supplementary). Modes II and III fracture toughness was found to increase in the order 
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PbTe < PbSe < PbS, and the results are summarized in Table 2. This is in agreement with the 
structural resistance argument of the previous section. 
Table 2. Fracture toughness estimations for the lead chalcogenides, and the comparison with the 
previous experiment. 
Compound KIC  (MPa m
1/2) KIIC (MPa m
1/2) KIIIC (MPa m
1/2) 
PbTe 0.28 0.23 0.20 
PbSe -- 0.33 0.28 
PbS -- 0.41 0.35 
PbTe-PbS alloy 0.35 48   
3.8 Fracture Toughness from Experimental Tests 
 
Figure 6. Fracture toughness from experimental tests for polycrystalline PbTe, PbSe and PbS. The green 
bars indicate the experimental error. 
        To further verify the fracture toughness estimation, we measured the experimental fracture 
toughness (KIC) of PbX (X= Te, Se, S), using the three point flexural specimen by the single-edge 
notch beam tests. All the XRD patterns in Figure. S11 show clearly that the single phase was 
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obtained for PbX (X= Te, Se, S). As shown in Figure 6, the fracture toughness of PbTe is 
0.59±0.02 MPa m1/2, a little higher than that (0.28 MPa m1/2) from our estimation. PbSe and PbS 
show a higher and much higher fracture toughness of 0.67±0.05 MPa m1/2 and 0.75±0.04 MPa 
m1/2, respectively. This trend is in good agreement with our theoretical estimation above (see 
section 3.7). 
        Here, we successfully applied the ideal stress-strain relations from DFT calculations to 
predict the fracture toughness, which showed good agreement with the experiment. This verifies 
that the investigation of the ideal stress-strain relations at the atomic scale can be used to 
rationally design the macroscopic mechanical properties, which is beneficial for the development 
of robust TE materials. 
        For a face centered cubic (FCC) crystal, the slip system is well known as {111} planes and 
<110> directions.50 However, PbTe, which adopts a FCC structure, has the most plausible slip 
system of (001)/<100>. The number of Pb-Te bond along {001} planes (0.093 bond/Å2, 16 bonds 
in lateral area of 172.24 Å2 as shown in Figure 2(b)) is less than that along {111} planes (0.174 
bond/Å2, 26 bonds in lateral area of 149.22 Å2 as shown in Figure S1(a)). This suggests that PbTe 
is more easily cleaved along {001} planes rather than {111} planes. Thus, in PbTe, the 
(001)/<100> slip system is most likely to be activated under pressure, which is similarly found in 
another FCC crystal, CoSb3.
37 
        Experimentally, alloying PbX (X = Te, Se, S) inevitably leads to defects such as vacancies, 
dislocations and other modulations in the samples,51 which would not be favorable for mechanical 
stability. Studying these effects requires cell sizes much larger than practical for DFT. Thus, 
large-scale molecular dynamics (MD) simulations will be useful for studying how such defects 
influence the mechanical properties of PbX (X = Te, Se, S) alloys. This is worthy of future studies. 
In addition, the ferroelectric instability in PbTe, which is the origin of its low thermal 
conductivity,52 is known to notably affect the crystal structure locally. Exploring the role of 
ferroelectric instability on the mechanical properties of PbTe requires a larger supercell as well, 
which will also be studied using MD simulations in the near future. 
4. CONCLUSIONS 
        We used density functional theory (DFT) to determine the ideal strength and failure 
mechanism of single-crystalline PbTe. We also used the ideal structure-property relation to 
estimate the fracture toughness. We find that PbTe displays the lowest ideal shear strength of 3.46 
GPa along the (001)/<100> slip system, which is considerably lower than the lowest ideal tensile 
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strength of 5.55 GPa along the [100] tension. Due to compression, PbTe has a lower ideal 
strength (2.96 GPa) under biaxial shear deformation. The softening and breaking of the ionic 
Pb−Te bond is responsible for the failure of PbTe. The estimated fracture toughness increases in 
the order PbTe < PbSe < PbS, which agrees well with our experimental result. To improve the 
mechanical strength of PbTe, we propose an alloying strategy with using isotypic PbSe or PbS to 
strengthen the structural stiffness of ionic Pb−Te framework. This is considered to be effective in 
developing robust PbTe materials for high-performance TE device applications. 
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